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Abstract. We present our numerical code to perform synthe- First results of our program have been presented in Go-
ses of galaxy spectra. Our modified linear simplex algoritherdt & Kollatschny (1996) as well as in Kollatschny & Go-
has the advantage that no initial solution is required, tleedt(1997,1998). Furthermore, acomparison of worldwide used
non-negativity for the individual contributions is guaranteedynthesis models (including ours) of selected elliptical galaxies
additional spectral components can be added and individhak been published by Arimoto (1996).
wavelength regions can be weighted. Synthesizing the observed
g_ala_xy spectra with isochrone spectra we determine the azgeSynthesis procedure
distribution of the stellar component. We demonstrate the
accuracy of our method to reconstruct the age distribution @tir problem is to determine the stellar content including star
theoretical spectra. Finally, we present evolutionary synthedegmnation history of an observed galaxy spectrum. We need
of the optical spectra of an elliptical galaxy and of the spatialn automatic fitting routine which reproduces the spectral en-
resolved Seyfert galaxy NGC 1365. ergy distribution of our observed spectrum. Thus a set of library
spectra has to be combined by a mathematical formalism mini-
mizing the differences between the observed and our composite
Key words: galaxies: stellar content — galaxies: evolution spectrum. We employ a linear programming algorithm to min-
galaxies: individual: NGC 1365 — galaxies: Seyfert imize the mean absolute fractional residual. Using this method
the non-negative constraint for the various contributions is eas-
ily guaranteed and no guess or initial solution is required to
start the procedure with. Quadratic programming is quite com-
1. Introduction plex and does not appear to provide any definite advantage over

During the last years great effort has been made to determine%%ee method adopted here. The linear programming algorithm

stellar population and their age distribution in galaxies. The ;aé;a SHg)Wr?rdnS] IFgfa:méqLéitg)g?da;sglgsgp e(s.geoct??gng&
population synthesis models depend mainly on the numeri - aving m tibrary sp ved spectrumwi

methods to optimize the spectral fittings and on the stellar ﬂ_wavelength points our problem can be stated as
braries used for the synthesis. If one is interested in the age dis- _™

tribution of the stellar component one can perform evolutionaty = Z fijx; 1)
syntheses using stellar evolutionary tracks. Important paperson =1
these subjects have been published by Arimoto & Yoshii (1987), = |1 — v;/zi] 2
Bica & Alloin (1 1986), Bruzual (1983), Guiderdoni & Rocca- n—1
Volmerange (1987), O’'Connell (1976), Pelat (1997), Pickles & = Z w;T; 3)
van der Kruit (1990) etc. These authors use different mathemat- =1

ical methods for their syntheses. n-1
We are especially interested in the spectral synthesis of AGN = ¢/ > _ w; (4)
spectra. If active galactic nuclei are triggered by tidal forces we i=1
expect a different stellar composition in their host galaxies {ghere :
comparison to normal galaxies. Therefore, further spectral com-
ponents (e.g. a non-thermal component) have to be consideted Normalized flux ak; produced by the model
in addition to extinction by dust. We have developed a modii; : normalized flux af; from the jth library spectrum

fied simplex algorithm to perform population and evolutionary; : fraction of light ath,,
syntheses of these spectra. z; :normalized flux of our obs. spectrum to be analyzed

r; . absolute value of the fractional residual between
Send offprint requests 19V. Kollatschny the model and the observed spectrum




700 A. Goerdt & W. Kollatschny: Combined population and evolutionary synthesis of galaxy spectra

w; : weighing factor assigned to the ith wavelength Consider first the< sign: this constraint - we call h - can
q :value to be minimized be written as
€ :mean absolute deviation m
: : : ir; <
We are interested inthe; > 0 (j = 1...m) in the case that Z njj < bn (10)
q in Eq. 3 is a minimum and none of the following equation$™
has been ignored: We introduce a new variable,, ., > 0 by
n—1 f7, Tm+h = bh — Zah]’l‘j (11)
Z 7]1‘7 +r; > 1 j=1
]j Then Eqg. 10 can be rewritten as
Z&xj—rigl (i=1...n-1) () m
=1 c Z anjTj + Tmin = bp (12)
m j=1
;xj =1 (©) Next consider the> sign - the notation will e k - and we will
o eventually get:
Zcijxj < bi (Z = lkj) (7) m
j=1 Z AkjTj — Ttk = b (13)
j=1

Eq. 5isthe equivalence to Eq. 2 and Eq. 6 expresses normal-
ization at\; which is the n-th constraint. Additional constraintd he variablesz,, ., andz,,, are called slack and surplus
can be easily implemented regarding astrophysical constraiy@éiables.
as a smooth mass or luminosity function of the composite spec- Thus we have converted all inequalities in Eq. 8 into equal-
trum (Eq. 7). To solve this problem we use a modified Simpldies. For every inequality we have obtained a new variable.
algorithm. Firstwe will mention the general linear programmin@riginally havinge inequalities out of n constraints containing
problem which is described in detail in Hadley (1962) befor@ variables we will finally haven + v = r variables.
we will formulate the modifications necessary to use it for our The set of equations can now be written in matrix form as

specific task. Ax = 2yay -+ 20, = b (14)

2.1. General linear programming technique Despite of adding new variables the function to optimize

) ] ] i does not change. Originally, we had
The general linear programming problem is to find a set of r

variablesz; j=1,...,m satisfying m linear constraints. These m
constraints are given in a form of inequalities or equalities 2 = €Ty (15)
j=1
anzi + -+ AT {>=<}b; i=1,...,n (8)
If we assign allc; = 0 associated to the slack and surplus
where one and only one of the sighs =, < holds for each variablesz; the value of: is not affected by conversion of the
constraint but the sign can vary from one constraint to anothggnstraints to a system of simultaneous equations:

Furthermore, the variables > 0 j =1,...,marerestricted
to be non-negative. The expression ’
9 P Z CiT; = C1T1 + -+ T, t+ Oxm-‘rl +-- Oxm-‘r'u
Z=0C1T1 4+ CmTm (9) Jj=1
m
has to be maximized or minimized. Adl;, b;, c; are assumed = Zcﬂj (16)
to be known constants. j=1

Any set ofz; which satisfies the set of constraints and max- To solve thi blem it i hat th |
imizes or minimizes the values of z in Eq. 9 is called a feasible 0 solve this problem It Is necessary that there are at least

solution. There is no way to find the optimal feasible solutiof> Many variables as constraints. The rank of the matrix A re-
instantaneously. Otherwise, to compare all feasible solutiong¥§'Ns the same although A has been augmented be the slack
be optimal is much effort: the number of the basic feasible s%r-‘d surplus variables

Iution's (the optir_nal feasible solutioq is one of them) increas;;¢A) <n (17)

by -7 where mis the number of variables and n the number o

constraints. To achieve a set of equalities instead of inequalitisere n is the number of constraints. If the number of variables
written in matrix formAx = b, all inequalities in Eq. 8 have to is the same as the number of equations there is only one optimal
be converted into equalities. feasible solution (if there is a feasible solution at all).
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If Ax=b andr(A) = n, then b can be written as a lineaf~ori = r there is
combination of n linear independent columns in matrix A. Thus Yrj
we yield a solution with no more than n variables not equal ze1®z: (xBr ~ B ) =0 (28)
These solutions are called basic solutions. Now our system of Y
linear equations is reduced B ; = b, B is a quadratia. x n  H€Nce Eq. 27 can be rewritten as

matrix and part of A. The:p are the basic non-zero variables m Yi B
giving a solution. Our function to optimize shortens to 2= cpi (SBBZ —TBr 7_) +o G (29)
i=1 T rJ
Z = CBIRB (18)
since all non basic (non-zero) variables vanish. T z_: CBitbi (30)
Now, every vector (column) of A can be written as a linear B,
combination of the columns of B (basic vectors) z2=z+ s (¢ — z) (31)
rJ
" 3 = z24+0(c; — z; 32
i—1 where
Let us remove the r-th column of B and replace it with the ™
j-th column of Aa; which is not already part of B 5= Z CBiYi (33)
and
;-3 b, @) "y,
i=1 yr] 0 = (34)
ol Yrj
Inserting Eq.20 into Eq.19 a different solution can be written Having a maximization probler will increase if the fol-
as lowing conditions are true
m - i)o >0
Z(xBlmBr >b + u j:b (21) ||) (Cj*Zj)>0
i _,ﬂ, ﬂrj, By minimizing z one of the arguments must not be negative.
&pi  i#r Epr Checking the validity of these conditions can be done without
Thez,,; are the new basic variables with the new veatpr much computing effort. To make clear the sequence of iteration:
instead of vector:, . first we try to find out which vector would give an improved z
The changing of matrix A by replacing colunbp with ay, by testing both conditions. After being verified we exchange the
is given in the following equations vectors to gain the new calculated z and start to check (i) and

(ii) again. This process of iteration terminates in either way:

a) One ormore; —c¢; < O0forally;; <0
4 = Z Yigbi (22) b; Al zj — ¢; 2]0 for all columnsyié A which are not part
m of B.
b, — Yik (23) In case a there is only an unbounded solution; case b turns
= Yrk out to be the optimal feasible solution (Hadley 1962).
it

by inserted in Eq. 22 gives 2.2. Modified simplex algorithm

m

a; = Z (Zlu — i Yik ) b, + The general simplex algorithm technique cannot be applied to
= rk our problem in the way described above. The ordinary sim-
j; plex algorithm means maximization of a negative value when

_ Z Jiibs (24) speaking about a minimization problem. In that case the spectral
* energy distribution of our synthesized spectrum would be com-
pletely below or above the observed spectrum at every wave-

where length point. All deviations at every wavelength point between
. Yik . i i -
Bij = Yij — Yrj it (25) thg observe@ and the synthesized spectrum would be either neg
Yrk ativeor positive.
f_ Yrj o 2 For our problem it is essential that at every arbitrary wave-
Uij i=r (26) ) .
Yrk length point the flux of the calculated synthesized spectrum can

Our new value z can be obtained by exchanging the basic vectdess, equal or more than the observed flux. This means that
we have to minimize the absolute residuals. In matrix form our

5= Z B (»’vBi _ xByij) i JUB'T ¢ 27) problem can be written as:
Yri Sx=b (35)
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Each column of S is one spectrum of the stellar library. The _io0
vector b is the spectrum to be analyzed. The problem is how _; ;] Ex&
to combine the stellar spectra to achieve an almost identical Bﬂnf: Dosomoncan x x x ok x| xxx X%
spectrum of b and to determine thg. P I} ° o0 oo
S is a .xm matrix where n is the number of wavelength ' % ’
points and m the number of spectra in our stellar library. It isz 0 A'Zm an "
very improbable that one finds a solution satisfying all con® %1 ot w g Lon mme "
straints the equal sign being valid. This means we have a set of 291 g ™ oo
(n — 1)—inequalities and an equation that satisfies Eq. 6 due to 4.0 L,.inoeity otoss: @%‘;\%m
normalization at wavelengtk, . All inequalities have to be con- 6.0 g:y Iﬁg% |
verted into equalities. But we do not know in advance whether 5,4 - 1i5ters 9g
or not there will be a positive or negative deviation to our op- ‘ ‘ ‘ o
timal fit. A pair of one slack and one surplus variable must -05 0 05 1 15 2
be introduced for each constraint respectively wavelength point (B-V]
i, =1,...,n— 1. Then our new set contairzs< (n — 1) new Fig. 1. All stars contained in the stellar liorary of Jacoby, Hunter &

variables which stand for the differences in flux between ti§#ristian are shown in this colour-magnitude diagram
observed and the computed energy distribution. Anyway, either

new variable of each pair will be zero. Both variables are zero

in case the equal sign fits.

Now we have an eql;atic:n iE matrix folrm sz,b where A i%\/ith solar metallicities: Gunn & Stryker (1983), Jacoby, Hunter
an x (m+2n) matrix. The slack and surplus variables j = g chyistian (1984) and Silva & Cornell (1992) and a homoge-

m+1,...,2(n — 1) are to be minimized. neous sample of model atmospheres with various metallicities
m+2(n—1) calculated by Kurucz (1994).
z= Z CjT; (36)
j=m+1

o 3.1. Gunn & Stryker library
Now recall the initial statement of our problem and compare

it with our results: ther; correspond to the differences = The stellar library of Gunn & Stryker (1983) consists of 175
1 — yi/2] in EqQ. 2. Thec; are the weighing factors; and z  observed spectra mostly with solar metallicity. The spectra cover
corresponds to g in Eq. 3. The quality of our fit in other words large spectral range fromn= 3180 A until A = 10620 A. On

the mean deviation is given by the other hand the spectral resolution of ®n the blue and
n—1 of 40 A in the red range is not very high. We placed the stars

e=z/ Z cj (37) atacommon distancd 0= 10 pc and conerted the observed
i=1 fluxes into absolute magnitudes.

Consider Egs. 30 to 33 is lower than the previous value
of zif (¢; — z;) < 0andf = 2= > 0. The possibility with 3.2, Jacoby, Hunter & Christian library
reversed signs contradicts the constrdint 0; 6 is the new
basic variablet 5, (Eg. 21) which must be non-negative. Jacoby, Hunter & Christian (1984) observed 161 stars in the
If an optimal feasible solution has been found z has beepectral range of 3518 — 7427 A at sufficient spectral reso-
minimized. Thez; are the fractions of light of the m library stardution (~ 4.5 A). The library data are given ag(\) over \.
reproducing the observed spectral energy distribution b. TAgain we calculate the flux,;,()\) for a distance of 10 pc.
fractions of light are the light contributions at the normalize@ihemy of all library stars are given too by Jacoby, Hunter &
wavelength)\,,. Christian (1984). For an overall view we plotted the positions
of all stars contained in the Jacoby, Hunter & Christian library
3. Stellar libraries in the colour—magnitude diagram in Aig. 1.
To analyse the stellar population in galaxy spectra one needs
a comprehensive reference stellar library. The spectra of thé. Silva & Cornell library

lib hould fficient | length . .
jorary Snou'd cover a sufticient 'arge wave engin range a dplva&CorneII (1992) published the optical spectra of a stellar

they should be comparable in spectral resolution in comparislo{ tainina 72 obiects. Most of them h i h
to the observed galaxy spectra. Furthermore, the stellar librah ary containing 7 objects. Mostotthem have an atmosphere
h solar metallicity; additionally, a few of them are either

should be as complete as possible. This means all spectral ¢ ol tal-rich. Th i tend f 3810
ponents the galaxy consists of should be included in the librafyS &;Po0r or metal-rich. The spectra extend from
30A at a resolution ofv 11 A.

Presently we can choose between four stellar libraries for t
synthesis of galaxy spectra and for the construction of individ-
ual isochrones: three libraries of observed stellar spectra mostly
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Fig.2. T.;; and log g values in the grid of stellar atmospheres &fig. 3. Spectral energy distribution of a non-thermal component with
Kurucz spectral indexx = 1
3.4. Kurucz library This central component originating in the innermost galaxy re-

Kurucz (1992,1994) published the most comprehensive Iibraq- nhst rgwig(;l%be retdd;aned by .dUSt' Furthermtor?k,] this Ired;deni;:g
of synthetic stellar spectra existing so far. He calculated a grid {9 i N II ervevn (s ro.rgjgert)hlln c?rmpta'lrlsiﬁn 0 fhg? actic ab-
7619 model atmospheres for scaled solar abundances betvregRHON only. We consider this eiect in the way that we carry
[-5.0] and [+1.0].The spectra extend from 99- 160 um. A out our spectral synthesis with independent reddening for the

spectrum consists of 1221 wavelength steps; this correspona‘%etgtraI non-thermal components and for the galactic absorption

a spectral resolution of 20 — 48 in the optical. He calculated commp;onﬁnts.' Fi h | distributi ¢
his grid of model atmospheres for temperatures in the range '’ S1OWIN i B the spectral energy distribution of a non-

betweerll},; ;= 3500 K and 50.000 K in steps of 250 K and fofr'€rmal component with spectral index= 1 withoutany addi-
log g values 00.0 < log g < 5.0 % in steps of 0.5. The grid tional absorption. The intensity has been normalize@as0A.
of models for solar metallicity is plotted in Figl 2.

3.5.2. Balmer continuum, Fell quasi continuum

3.5. Additional spectral components The continuum component in the optical and in the near UV

The continuum emission of galaxies - especially that of actif@9dht be heavily contaminated by a Balmer continuum and/or
galactic nuclei - is not only composed of individual stellar cort F€!l quasi continuum. Therefore, these components have to

tinua. There might be an additional central, non-thermal cof€ considered if one makes syntheses of AGN spectra. The Fell

tinuum component of importance and possibly a Balmer cofid@s continuum is formed by thousands of emission lines in
tinuum and/or a quasi continuum of blended Fell lines. the wavelength range between 1280 and 9000A. Model

calculations and observations of this component as well as of the
) Balmer continuum have been published e.g. by Netzer & Wills
3.5.1. Non-thermal continuum component (1983) and Wills et al. (1985). We added to our synthesis library

The spectra of the central regions of active galaxies might B¢Se spectral energy distributions of a Balmer continuum and

dominated by a nuclear non-thermal emission. If one carrig$€!l quasi continuum.
out syntheses of central galaxy regions this component has to
be considered therefore. The spectral flux distribution of this |sochrone spectra

component can be described in a first order approximation by
The population synthesis of integrated galaxy spectra with stel-

Fv)~v™? (38) lar spectra gives us the individual numbers of the stars. Being
interested in the evolutionary history of galaxies one has to com-
bine stellar spectra into model spectra of specified ages. These
F(\) ~ A(@—2) (39) spectra are palled isochrones._ Using_these ispchrone spectra for
our synthesis procedure we will gain information about the evo-
in the optical. The non-thermal continuum components of Litutionary history of the galaxy.
ers, Seyfert galaxies and quasars have a typical intrinsic spectralA crucial point in the construction of isochrones is the ac-
indexa between 0.7 and 1.5. curacy of stellar evolutionary tracks, the completeness of stellar
Therefore, we expanded our stellar libraries by additionkitbraries as well as the method to determine the light fraction
continuum components with spectral indexesf 0.7 to 1.6. of individual stars to construct isochrone spectra. Further ingre-

or
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Table 1. Time steps of isochrones [yr] 4.1.1. Synthetic isochrone spectra from observed stellar
libraries
4.010° | 40107 [ 4.010° | 4.0-10° [ 13.210° .
5.010° | 5.0107 | 5.010% | 5.0-10° | 13.810° We derive the(V — I)c colours from the temperatutE. ;¢
6.310° | 6.3107 | 6.310% | 6.3-10° | 14.510° given in the table of the isochrones using following equation
8.010° | 8.010” | 8.010° | 8.0-10° | 15.1210° (e.g. Pickles et al., 1990):
1.0107 | 1.010® | 1.010° | 10.010° | 15.910°
1.3107 | 1.310% | 1.310° | 10.510° | 16.610° (V—-I)c = 1512.55 — 1165.41 logTes ¢
1.6107 | 1.610® | 1.610° | 11.010° | 17.410° + 300.052(logT. 5)? — 25.809(logTs.s £)* (40)
2.010"7 | 2.010® | 2.010° | 11.510° | 18.210°
25107 | 2.510% | 2.510° | 12.010° | 19.110° For the Bolometric Correction of the V and | colours there is:
3.2107 | 3.210% | 3.210° | 12.610° | 20.010°
Moy = Ic + BCp, (41)
Table 2. Chemical composition of isochrones Mo = Vo + BCv, (42)
- BCVC = Mypoy — Vo =1 + BC]C — Ve (43)
Z He = BC, —(V-1)¢ (44)
0.0004 | 0.23
0.0010| 0.23 Bessel and Wood (1984) derived:
0.0040 | 0.24 )
0.0080| 0.25 BCi, =03+ 0.38(V—1I)c —0.14(V — I)¢ (45)
0.0200| 0.28 .
0.0500 | 0.352 From Eqs[4# and 45 follows:
BCy, = 0.3 —0.62(V — )¢ — 0.14(V — I)¢° (46)

Knowing M,,,,, from the isochrone tables and the Bolometric
dients are the initial mass functions (IMF) of the star formingorrection BCY,. we calculate the visual magnitudésy,
regions and possible lower and upper limits of the stellar masgsing Eqs 4R arld 46:

spectrum.
We are using a grid of isochrones published by Bertelli et dlvieo = Myot,,, + BCve (47)

(1994) for the construction of our isochrone spectra. This gridi$e mass intervals of the isochrones are fixed by their steps. The
one of the most complete ones that are presently available. Hgnber of stars per mass interval depends on the initial mass
ages of the isochrones correspond to the ranté®40 2010°  fynction (IMF). This number of star&,,s in a mass interval

years. The individual time steps of the isochrones are listedjgnyeen two points of the isochrone can be calculated by (e.g.

is0

Tabld1. Pickles et al, 1990):
Bertelli et al.(1994) calculated stellar models with initial logé (logh)
masses in the range between 0.5 and 120 The stellar evo- Nas = 107925997 % A(logM) (48)

lutionary tracks were calculated from the zero age main Sgarmally we are using the IMF given by Miller & Scalo (1979)
guence to the central carbon ignition for massive stars and

o ) _ otrothe analytic function that has been fitted to fog

the beginning of the thermally pulsing regime of the asymptotic

giant branch phase for low and intermediate stars. Furthermdrgié (logM) = Ao + Ay logM + Ay (logM)? (49)
isochrones going from the tip of the AGB down to the WD cool- . . .
ing sequence are listed. The initial chemical compositions of tﬁé't the IMF of Salpeter (1955) is incorporated in our numerical

. : too.

isochrones range from very low to high metal content. Table“29€: . o

lists the chemical compositions of the theoretical isochrones. From the number of stars Per mass inten Ed’? (Eq.[48)
we calculate the total mass per interd,, the V light Ly, ,

and the bolometric lighLy,;,.,,
4.1. Synthetic isochrone spectra

In the tables of Bertelli et al. (1994) masses, temperaturesy/,.., = N, x M (50)
colours, luminosities etc. are given for each isochrone. Fo — Nueox ] (51)
the construction of the synthetic isochrone spectra we have {07 MS v

combine stellar spectra from the libraries appropriate to thektwiro: = Nazs % Lor (52)

isochrones. First, we describe the method how to calculate
isochrone spectra from observed and theoretical stellar specé
Then we compare the synthetic isochrone spectra derived fr
the different libraries.

Summarising the masses and light ofidli; s intervals we

& the total values of the individual isochrones.

M Stellar spectra of the libraries have to be assigned to each
point of the isochrone to construct the isochrone spectra. For
each(V — I)¢ colour (Eq[4D) we select from our libraries
those two stars with the closg$t — I') colours on both sides
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Fig. 4. Contribution of individual stars to construct an isochrone spegig. 5. Synthetic isochrone spectra (age:68 yr) constructed from
trum (age: 6.3107 yr) different libraries

of the isochrone regardinyyy as well. Their relative Olistanceisochrone points with respect to their gravity and temperature.

in the (V — I)¢ colours determines the individual weight of

their spectra. We indicate them with:

Fig.[4 shows one isochrone of Bertelli et al. (1994) (agd+ 1" 9 i Jiso
6.3107 yr) in a colour-magnitude diagram as well as symbolfs~ for %1;9;"
for the stars of the Jacoby, Hunter & Christian library we aret ;Z; re

using to construct this isochrone spectrum. The triangles rep-
resent those stars having a larger colour infléx— I)¢, the

circles represent those stars having a smaller colour index in
comparison to the exact values of the isochrone. The size 8F

The proportional light contribution from the individual four
ctra is given by:

the symbols is proportional to the contribution of the individual Giso
S T — T | log st
stars to the final isochrone spectrum. Lo — (1Mo 2£1) [ _ L 791} . 56
i 180 ( )
Ty —T_| ’loggi
g—
4.1.2. Synthetic isochrone spectra from theoretical Kurucz The masses, light and bolometric light of the isochrone
spectra points are calculated by using the Egs] 50 t® 52 described in
The grid of model atmospheres of Kurucz (1994) gives us f§reCt@':D_1- ] )
each star the temperatufe; , the gravity g and the flug'(v) Knowing F(v) we calculate the fluxt’() in units of
in addition to the metallicity [erg s~lem~2A~!]ofastarwithradiusratadistance d=10pc
We know for each isochrone of Bertelli et al. (1994) the tenfY
perature, the mass to light ratio and the partial light contribution r2 ¢
(see Eq[ZB). FQ) =dn—s 15 - F(v) (57)

Using the equations The final spectra of individual isochrones are determined by

I — 4WT20T€”4 (53) summing up the spectra proportional to their luminosity contri-
a. M bution.
9="02 (54)
4.1.3. Comparison of synthetic isochrone spectra
where
( G := Gravitational constant) For testing the accuracy of synthetic isochrone spectra we plot
( o := Stefan-Boltzmann constant). in Fig.[3 isochrone spectra for the same age-{63yr) and
the gravity of all points of the isochrones can be determinéar solar metallicity but calculated with our different stellar li-
with braries and with different methods. The spectra are normalized
M \ at A5050A.
9="7" AroG - Teys (55) The correspondence between these spectra is quite promis-

ing. The small differences between the spectra result from dif-

To each point of the isochrones belongs an individutdrences in the spectral resolution of the stellar libraries, from
gravity g;s, and temperaturé.;;. . We assign to each pointthe different numbers of stars in the libraries, from their com-
four spectra from the Kurucz library. Theses spectra bracket fhleteness and from different classifications of individual stars.
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There are stronger systematic differences between the observed
spectral libraries and the theoretical spectra of Kurucz beyond , , ]
5500A. This might result from the current incompleteness of

the Kurucz library with respect to cool stellar atmospheres in the
temperature range from 2500 — 5000 K (Lejeune et al., 1998)5JJ

Ellipticol

---- lIrregulor

0.2

ction of

5. Dust extinction

©
First we correct all observed galaxy spectra for interstellar du@t o4
extinction from the Milky Way before starting the spectral syn-
thesis. We estimate the galactic reddening by using the results
of neutral hydrogen column density surveys (Burstein & Heiles, 0.0 x x x x
. 9.5 9 8.5 8 7.5 7 6.5
1982; Hartmann & Burton, 1997). Age [Log years)
To consider the internal extinction in the galaxies we adoEf_t ) o o ) ]
a foreground dust screen model to de-redden the stellar popy g. 6. Light contribution of individual isochrones with assumed star
. .. . . odmatlon rates as function of time for an elliptical and irregular galaxy
tion. Additionally, we take into account an independent secon
dust screen for the central broad line region in active galaxies.
We begin our spectral syntheses of the galaxy spectra with-
outany internal galactic reddening. Subsequently, we de-redderGalaxy spectra

the observed spectra gradually and repeat the syntheses._ We ) )
dne spectrum of anisochrone corresponds to an accumulation of

adopt the reddening correction that produces the minimal reslc - ; o
uals between the synthesis spectrum and the de-reddened s with all stars b.orn at the'same time. To 'construct a rgallstlc
trum. galaxy spectrum with changing star formation rate within the
In another independent loop we de-redden the central n __Iaxy life time we have to combine individual isochrones with
ifferent ages.

thermal component. We verify this result with an addition he i q ¢ | lati ith arbi
estimation of the extinction for the broad line region derive-a e mtegrqte spectrum of a galaxy population with arbitrary
from the Balmer decrement. star formation rate (SFRY (¢) can be calculated by (Bruzual &

- Charlot, 1993):
For having not too many free parameters we assume a stan-

dard galactic extinction curve (e.g. Seaton, 1979) for the de- .

reddening process. But extinction curves derived for the Large ;) — [ W(¢t — 7)f,(7)dr (58)
and Small Magellanic Clouds (Pei, 1992) are incorporated into 0

our numerical code too.

fa(t) is the spectrum of an instantaneous starburst after a period
of development t. The period of time that we can resolve de-

6. Metallicity pends on the time steps of the isochrones. Using the isochrones
of Bertelli et al.(1994) we have a resolution in time~ofl0% to

The effects of various metallicities are fully included in ougy7 years. This is sufficient to determine the long term history
program code. We take into account the metallicity effects on tB?galaxies.

stellar evolutionary tracks as well as on the stellar atmosphergg;, creating even more realistic galaxy models we can com-
In Table 2 six different chemical compositions of our thegsine smoothed star formation rates with additional star forming

retical isochrones are given; they span the range from primggisodes.

dial abundances until solar over-abundances. With respect to

the stellar libraries only the synthetic stellar spectra of Kurugz, made simple assumptions about the change of the star
(1994) are _complete for different abundances. ) . formation rate with time. Fig. 6 shows the light contribution of

In practice we start our spectral syntheses with & grid pfyiiqual isochrones typical for an elliptical galaxy and an ir-
Kurucz spectra in combination with the appropriate Chem'clae!gular galaxy. An exponential decreasing SBER k x =)
isochrone compositions. However, one shortcoming of the Kirresponds to elliptical galaxies and an increasing SFR
rucz stellar atmospheres is the fact that they are not compl&te: k x t2 is typical for irregular galaxies (Sandage, 1986:
with respect to the cool atmospheres, they do not agree cqfscca-\olmerange & Guiderdoni, 1988). ’ '
pletely with observed spectra (see Fig. 5) and they have a poor ’
spectral resolution only. Therefore, we get normally smaller

. . Afterwards, we calculate theoretical spectra of these two
residuals between the synthesis models and the observed galaxy., .. . : ) .

. . : . iStributions of isochrones using Kurucz library spectra with
spectra when we are using the libraries with observed stel

i Blar metallicities. Fid.]7 shows the spectra belonging to them
spectra. normalized at\5050 A.

To carry out first test syntheses of a galaxy spectrum
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Fig. 7. Combined isochrone spectra corresponding to an elliptical aRid. 8. Assumed and reconstructed (dashed) age distribution of the
irregular galaxy. isochrones of an elliptical galaxy undergone two starburst evéxits
and10° years ago.

7.1. Tests of synthetic galaxy spectra s

Before starting with the synthesis of observed galaxy spectra
we investigate the accuracy of our numerical method. We gen-
erate a theoretical spectrum of a 15 Gyr old elliptical galaxg

with exponential decreasing SFRt) ~ e~ *; furthermore, we &

presume two strong starburst events took place in the galagy

108 and10? years ago. =
The relative contribution of the individual isochrones as a funcg
tion of time is plotted in Fig.}8. The accompanying optical/UVg
spectrum is shown in Fi@] 9. Again we used the Kurucz library

and the isochrones of Bertelli et al.(1994) to construct this spec-
trum. The spectrum has been normalized #i50 A os
Now we try to synthesize this test galaxy spectrum for which ~~ zo00 3000 4000 5000 6000 7000 8000
the exact stellar population and the starforming history is known Wavelength [A]

with our numerical code. The calculated spectral synthegig 9. computed and reconstructed (dashed) spectra of an elliptical

of this test galaxy with the two starbursts is plotted over igalaxy undergone two starburst evehts and10° years ago.
Fig. [@. Because the synthesized spectrum is identical to the

original spectrum within the width of the line no additional

spectrum is to be seen. The resulting age distribution of the i

isochrones from this evolutionary synthesis calculation is pld&StSpectrum. The synthesized spectrum corresponds to a galaxy
ted in Fig.B (dashed line). Again the reconstruction is almo¥€ctrum without noise.

perfect. There are only very small deviations in the very old The resultof our evolutionary synthesis is shown in Eig. 11.
popu|ati0n @ 10-10° years) caused by numerical errors. The age distribution of the isochrones (dashed Iine) is plotted

This means we can reconstruct exacﬂy the age distributimether with the |n|t|a”y assumed distribution. The basic pat-
under ideal conditions with our numerical code. In practice hogrn of both curves is equal. There is an old stellar population
ever, our stellar libraries are to a certain amountincomplete dd 10 - 107 yr) with two starburst components of roughly the
the isochrones are not perfect. A possible influence of reddenfif§rect agel0® and10? years ago. The share of the integrated
by dust can be overcome to a certain amount if one de_reddgagt fractions of both starbursts is equal within 20 percent. The
the Spectra_ Noise Contaminating observed Spectra is a nmm'nent of both starburst events is correct within 10 percent.
problem. Therefore, we superimposed noise to the test spEBis example demonstrates that high quality spectra are suit-
trum. We added Gaussian noise of 3% relative intensity to tABle for a detailed analysis.
test spectrum. This corresponds to an upper limitin the S/N ratio
for reliability and uniqueness on the informati_on content of the 5 Spectral synthesis of the elliptical galaxy NGC 4476
data (e.g. O’Connell, 1996). Fig. 110 shows this spectrum.

Afterwards, we repeated the evolutionary synthesis of tha optical spectrum of the dwarf elliptical galaxy NGC 4476
test spectrum with noise superimposed. The new synthesibad been obtained by Bica (1988). Details of the observation
spectrumis plotted over the test spectrumin[Eig. 10 . Differencaisd reduction methods are to be found there. Arimoto (1996)
between these two spectra result mainly from the noise in ttistributed this spectrum world wide for a contest of population

Computed Spectrum
---- Synthesized Spectrum
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Fig. 10.Galaxy test spectrum with noise superimposed and synthesifég. 12. Observed and synthesized (dashed) spectrum of the elliptical
spectrum galaxy NGC 4476

0.20

7.3. Spectral synthesis of the Seyfert galaxy NGC 1365

Computed

=== Synthesized Recent models of active galactic nuclei (e.g. Shlosman et al.,
1989) predict nuclear starbursts and/or central non-thermal ac-
tivities forced by instabilities of the in-flowing gas due to tidal
interactions On the other hand the UV- and X-rays coming from
the (non-thermal) nucleus may interact with the ISM leading to
substantial star formation. Therefore, the stellar composition in
active galaxies is an important tool to test these models.

NGC 1365 is a bright, nearby Seyfert 1 galaxy of Hub-
ble type SBb. We carried out spectroscopic observations of
T NGC 1365 with the ESO 2.2m telescope. We used a CCD-
95 9 85 8 57 65 camera with a RCA chip attached to the Boller&Chivens spec-

Age [Log years] trograph. A slit width of 2.5 arcsec was used under seeing condi-
Fig. 11.Assumed and reconstructed age distribution of the isochrorigns of 1.5 arcsec. We oriented the slitin north-south direction.
of our test galaxy with superimposed noise. We took spectra with exposure timefs2ax 40 min for theblue
spectral range (3700 — 544?0) and 2 x 30 min for the red
sopectral range (5250 —70@7(). The spectral resolution was4
synthesis models. Fig.1L2 shows the distributed optical spectrmCalibration and reduction of the data was done in the usual
and our synthesis with isochrone spectra. way (e.g. Kollatschny et al., 1992). The spatial resolution of

We performed the evolutionary synthesis calculations wiftH" SPectra amounts to 2-3 arcsec corresponding to 0.2 — 0.3
the Bertelli et al. (1994) isochrones and with the four stellar IPC &t the distance of the galaxy. After reduction we divided
braries described in Sect. 2. When using the Kurucz library Jhe spatially resolved long-slit spectra mtp QOduaI intervals.
got systematic deviations in our spectral fits. This was causeectraand syntheses of the nuclear region in NGC 1365 and of
mainly by the incompleteness of this library with respect {jvC Outer regions at distances of 1 kpc and 3 kpc are presented
cooler stellar atmospheres. We obtained our best results wHHS Paper. The spectra of the inner regions were integrated
we used the Jacoby, Hunter & Christian library. This is the mo@Ye" 3x2.5 arcsec. For improving the signal-to-noise ratio we

complete library and has the best spectral resolution in compgfegrated over 6x2.5 arcsec at 3 kpc distance from the center.

ison to the others. Furthermore, we received the best fit withdute 0Pserved spectra are shown in Figs. 13o 15. _
any internal reddening in this elliptical galaxy. Again we carried out the spectral synthesis with the Bertelli

We calculated a dominant old component of 16 Gyr (750/'(gochrones and all libraries. The emission line regions in the

a component of around 10 Gyr (20%) and a weak 'young’ co pectrawere eliminated by zero weighting during the syntheses.

S, s it was the case for the elliptical galaxy NGC 4476 we
t of 1 Gyr (5%). Th k I of Bnd [SII ) . -
ponento yr (5%). The weak emission lines nd [Sil] rqcewed the best results with the Jacoby, Hunter & Christian

confirm the existence of a young component too in this elliptic
galaxy young P P ﬁbrary. The spectral syntheses are plotted over the observed

Our results were in good accordance with other optimizing Syﬁgectra in Figs. 13 @0 15.
thesis models (Arimoto, 1996).

0.15

0.10

Fraction of Light

0.05

0.00

One can see that spectral syntheses are important for the
exact measurement of the true emission line intensities in the



A. Goerdt & W. Kollatschny: Combined population and evolutionary synthesis of galaxy spectra

normalized Flux

0.0

Observation

Synthesis

5000 550 0
Wavelength [A]

T T
3500 4000 4500
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Table 3. Light fraction of important isochrones (normalized at
AB5050A) of three regions in the Seyfert galaxy NGC 1365.

age [yr] | center 1kpc 3kpc
>3- 107 70 30 54
1-3.10° - - 45
10% —10° 9 1 1

<108 21 69 -

is of great importance for deriving the Balmer decrement and
performing reddening corrections of the emission lines.

Results of the evolutionary syntheses of three regions in
NGC 1365 are tabulated in Talile 3.

The stellar light fraction of the central Seyfert spectrum has
been normalized to 100 percent after subtraction of the share
of the non-thermal component for comparison of the different
regions. In Tablé¢13 only the dominant components are listed
having a fraction of light larger than 1 percent.

The nuclear spectral component is dominated by a non-
thermal component. Its light contribution amounts to 60 percent
at A 5050A. Furthermore, we received the best result with an
extinctionE(z_yy = 0.4 for the non-thermal component. Only
in the nuclear spectrum we got a better result with the addition
of a non-thermal component. This was not the case for the outer
regions. The contribution of the Fell quasi continuum amounted
to 0.2 percent in the nuclear spectrum.

For fitting the spectra we had to consider an extinction of
the intrinsic stellar component too. The extinction was strongest
at the nuclear regiot z_y) = 0.29) and decreased towards
B'Fr‘? outer regios ( 3 — 9 kpc awayrom the center ) to values of
Ep_vy=0.1-0.05.

There is a strong young{(10® yr) stellar component at the
nuclear region of NGC 1365. But at a distance of 1 kpc there
is an even stronger starburst region. This component might
be connected to the barred structure of this galaxy. Bars can
drive much of the internal galactic gas to the inner hundreds
of parsecs of a galaxy leading to star forming activities (e.g.
Phinney, 1994). Only a smaller amount of gas might be driven
to the central tens of parsecs by a secondary bar (Shlosman et
al., 1989).

Our synthesis example shows that the contribution of a non-
thermal component can be of great importance for the spectral
analysis of active galactic nuclei. In a forthcoming paper we will
investigate in detail the contribution of a central non-thermal
component in the optical and correlate this result with other

c:itr(%ltivity as well as starburst properties in AGN spectra.

8. Conclusion

case of the Seyfert spectrum of NGC 1365 (Figl 13). Th&e have presented our new numerical code to perform popula-
intensity of e.g. the Fell blends at\ 4450-4800, 5080-5400tion and evolutionary syntheses of galaxy spectra. Our modified
A can be determined more reliable. Sometimes the emissi&implex algorithm leading towards the unique optimal solution
lines are heavily blended with absorption lines (e.g, Hyin has the advantage that no initial solution is required, the non-
Fig.[14). The knowledge of the underlying absorption spectrumegativity for the individual contributions is guaranteed, addi-
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tional spectral components can be added and individual wave-
length regions can be weighted. We demonstrated the accuracy
of our method presenting syntheses of artificial spectra. The
ability of our numerical code was demonstrated for spectra of
an elliptical galaxy and spatially resolved spectra of the Seyfert
galaxy NGC 1365.

In a second paper we will present applications of our nu-
merical method on long-slit spectra of a large sample of nearby
active galaxies.
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